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A 3D analysis at the nanoscale has been used to characterize helium-3 nanobubbles in palladium powders aged several years under tritium for assessing their structural characteristics and spatial 2 distribution. These helium-3 nanobubbles are formed by tritium radioactive decay and exhibit diameters centered around 2.5 nm. Scanning transmission electron microscopy (STEM) has been used to acquire tomographic series on typical zones of the macroscopic specimen containing helium nanobubbles. Electron tomography data treatments have been achieved allowing 3D structural analysis of helium-3 nanobubbles. For the first time, inter-distances between bubbles have been determined with a mean value between 8 and 10 nm. The swelling of the aged material varies between 8 and 18% in agreement with macroscopic measurements and modeling.

INTRODUCTION

Palladium and its alloys can be used as tritium solid-state storage materials by forming tritides.

However, upon time, tritium radioactive decay (t1/2=12.3 years) produces helium-3 that is not soluble in palladium. Helium-3 atoms diffuse and gather to form nanobubbles that modify the physical and thermodynamic properties of palladium tritide. This phenomenon is commonly called the "aging process". Here the aging process is divided in three steps: bubbles nucleation, growth and accelerated helium desorption. The bubble nucleation modeling involves a cellular automaton [START_REF] Segard | Bubble Nucleation Process in a Metal Tritide Modeled Using a Cellular Automaton[END_REF] describing the material at the atomic scale and considers the physical phenomena involved in the bubble nucleation, namely tritium diffusion, formation of helium-3 by radioactive tritium decay, helium-3 diffusion and also helium-3 self-trapping. This modeling has shown that the spatial repartition of helium bubbles is set during the first months of aging [START_REF] Segard | Bubble Nucleation Process in a Metal Tritide Modeled Using a Cellular Automaton[END_REF] . In fact, when the number of bubbles generated is large enough, a new isolated helium-3 atom has a greater probability to meet an existing bubble than other isolated atoms during its diffusion to create a new bubble. These calculations lead to a log-normal distribution of bubble spacing with a maximum close to 5 nm (depending on the helium diffusion coefficient) [START_REF] Segard | Bubble Nucleation Process in a Metal Tritide Modeled Using a Cellular Automaton[END_REF] . Measuring the distances between bubbles will allow us to remove the uncertainty on this data, improve the reliability of the automaton and made better predictions on the aging process. The bubble growth is modeled using a continuum mechanics calculation [START_REF] Montheillet | A Mechanical Analysis of Metallic Tritide Aging by Helium Bubble Growth[END_REF] . Bubble size, pressure and material swelling are the output parameters.

Bubble size [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] and pressure [START_REF] Evin | Investigation by STEM-EELS of Helium Density in Nanobubbles Formed in Aged Palladium Tritides[END_REF] are measured by TEM and STEM-EELS. Measuring material swelling will improve the reliability of the model.

Palladium-based materials aging has been studied at several scales including the microscopic one [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] . Indeed, microstructure and pressure of helium-3 nanobubbles can provide valuable information on the aging process and help its modeling. Helium-3 nanobubbles size and density have already been determined by TEM (Transmission Electron Microscopy) in palladium powders aged under tritium [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] and in other materials such as erbium tritide [START_REF] Snow | Helium Release and Microstructural Changes in Er(D,T)2-x3Hex Films[END_REF] or uranium oxide [START_REF] Garcia | Helium Behaviour in UO2 through Low Fluence Ion Implantation Studies[END_REF] . In addition, helium-3 density (bubble pressure) in those nanobubbles has been measured using EELS spectroscopy (Electron Energy-Loss Spectroscopy) in palladium [START_REF] Evin | Investigation by STEM-EELS of Helium Density in Nanobubbles Formed in Aged Palladium Tritides[END_REF] and in palladium alloys [START_REF] Taverna | Probing Physical Properties of Confined Fluids within Individual Nanobubbles[END_REF] . All those microscopic studies have been very useful leading to a better understanding of the aging process and enhancing the modeling of this phenomenon 1 .

However, since classical TEM imaging gives only a 2D projected information, those previous studies have provided two-dimensional parameters that do not reflect the 3D distribution of helium-3 nanobubbles. From 2D TEM experiments, the helium-3 bubbles exhibit diameters centered around 2.5 nm [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] . From the material perspective, the analysis of the 3D spatial distribution of these cavities should provide the distances between the helium-3 bubbles and the material swelling, which are key parameters for the aging process modeling and could not be obtained by classical TEM.

Electron tomography allows to study the 3D microstructure of low-Z inclusions in dense matrix [START_REF] Klein | Three-Dimensional Pore Evolution of Nanoporous Metal Particles for Energy Storage[END_REF] . This technique has also been applied to needles of aged palladium alloys 9 . To provide reliable three-dimensional parameters on palladium powders aged under tritium, electron tomography technique has also been used in this work. This technique consists in the acquisition of 2D images of the sample at different tilt angles (70°). Then, a backprojection-based algorithm may be used to calculate the 3D volume of the original sample. From the methodological point of view, the goal here is to investigate the feasibility of the tomography measurement on those powder samples characterized by the presence of nanoscale low-Z inclusions in a denser matrix.

In this article, we report on the tomography study on three palladium powders samples aged several years under tritium. Post-processing of the 3D data acquisition has been performed with a special attention for the analysis of these cavities.

EXPERIMENTAL CONDITIONS

The acquisitions were performed for three different palladium samples aged under tritium between 5 and 8.5 years in powder form. The synthesis of palladium tritide powders and the decontamination process are described in a previous work [START_REF] Thiébaut | TEM Study of the Aging of Palladium-Based Alloys during Tritium Storage[END_REF] .

Powders were embedded in an epoxy resin. TEM samples were cut using ultramicrotomy at room temperature with a diamond knife and deposited on a 400 mesh copper grid. Before tomography measurement, the sample surface was cleaned in an Ar/H2 plasma to remove the carbonated contamination.

The tilt series electron tomography acquisition was performed with a JEOL 2100F probe-corrected operated at 200kV in STEM mode (Scanning Transmission Electron Microscope). The detectors configuration allows to acquire both HAADF (High Angle Annular Dark Field) and BF (Bright Field) images. Camera length is 10 cm, the collection angles of the HAADF detector are 60 mrad (internal) and 120 mrad (external) and the convergence angle is 20 mrad (with a 30 μm condenser diaphragm). Typical tomography acquisition was done at room temperature between -65/+70° with a 2° step. It is necessary to consider the low stability of the sample under the electron beam. The 2° step lowers the number of acquired images, which impacts final resolution. However, the elongation induced by the tilt step is small. Indeed, using the Crowther criterion [START_REF] Crowther | The Reconstruction of a Three-Dimensional Structure from Projections and Its Application to Electron Microscopy[END_REF] , for a 1 nm bubble, the elongation along the Z axis is less than 0.07 nm, which is far lower than the pixel size since the spatial resolution in the 2D-STEM images is between 0.22 and 0.55 nm.

Finally, a drop of a solution of nano-gold beads (5 nm diameter) was deposited on the grid of the microscopy sample to ease post-processing of the data, in particular the alignment protocol of the projection images belonging to the same tilt series.

DATA PROCESSING

Post-treatment of the tomographic tilt series consists of three steps: i) alignment of the tomography images, ii) reconstruction of a 3D volume and, iii) segmentation. Data treatment is performed using TomoJ [START_REF] Messaoudi | Tomography Software for Three-Dimensional Reconstruction in Transmission Electron Microscopy[END_REF] , an ImageJ plugin [START_REF] Schindelin | Fiji: An Open-Source Platform for Biological-Image Analysis[END_REF]14 for the 3D reconstruction, and Slicer 15 for the visualization. The post-processing treatments were performed using the same parameters for all acquisitions.

After a rough alignment using a cross-correlation algorithm, the tilt series alignment was improved by considering the positions of gold nanoparticles as fiducial markers.

The reconstruction has been calculated using ART algorithm (Algebraic Reconstruction Technique). The number of iterations was 100 and the relaxation parameter was set to 0.01. With the use of a GPU (Graphics Processing Unit), the calculation lasts only few minutes. The reconstruction is often cropped in (X, Y, Z) directions in order to reduce calculation time for segmentation.

The last step of the post-processing is the segmentation consisting in selecting pixels using predefined criteria, based principally on their gray-level intensities. In our case, the goal is to isolate helium-3 bubbles. Isolating cavities from the palladium matrix is easily achieved since the cavities appear as black pixels and palladium as light grey. However, it is not possible to isolate cavities from background directly since their grey levels are very close. To isolate the cavities, the reconstruction was filtered applying 3D Gaussian or median filter (2 pixels' radius) [START_REF] Ollion | A Generic Tool for High-Throughput 3D Image Analysis for Studying Nuclear Organization[END_REF] and the dark background was removed using the rolling ball algorithm of ImageJ with a 30 pixels' radius [START_REF] Castle | Plugin Rolling Ball Background Subtraction[END_REF] .

The background-less reconstruction is thresholded to extract cavities. At this stage, a mask of the cavities is obtained, it can be manually corrected to improve the result. This mask is converted into a 3D volume using Slicer software. The same steps are followed to obtained 3D volume of the palladium grain.

RESULTS

Figure 1 shows the STEM images at 0° tilt extracted from the tilt series acquired by electron tomography for palladium sample aged during 5 years under tritium. Some cavities are circled in red. Due to low Z contrast of helium, the tomography measurements do not allow to identify whether the cavities are filled with helium or empty. Such information can be obtained by EELS as demonstrated in a previous study [START_REF] Evin | Investigation by STEM-EELS of Helium Density in Nanobubbles Formed in Aged Palladium Tritides[END_REF] . In this previous work, it was shown that some helium nanobubbles are in fact empty cavities. However, empty cavities have the same microstructure than helium bubbles, because they were probably initially filled with He, which has desorbed during the sample preparation or under beam irradiation. In the present study, « nanobubble » will therefore refers to any cavity filled or not with helium-3.

Figure 2 shows one of the projection images from the initial tilt series (left) and a typical slice through the calculated reconstruction (right) for a palladium sample aged 8.5 years under tritium. Some cavities are circled in red. In Figure 2 the gold nanoparticles can be unambiguously assigned to the little light spots on the black background (left). Once the reconstruction is calculated, its accuracy can be visually checked by analyzing the shape of the gold nanoparticles in the reconstruction visualized in cross section, with the basic rule that " the calculated reconstruction of an object having a spherical shape in all the 2D projections should be a sphere ". The gold nanoparticles are slightly elongated in the (Y,Z) (X,Z) projections due to the missing wedge but keep a spherical shape. Regarding now the analyzed grain and its features of interest, we can observe that the helium-3 nanobubbles are mostly spherical and remarkably distinct in the reconstruction, delimited by well-defined contours.

The reconstruction is then thresholded to isolate helium-3 bubbles and palladium grain. Figure 3 illustrates this processing step by directly comparing the views of the calculated reconstruction (left) and the 3D model of the grain obtained by segmentation (right). Some cavities are circled in red.

Figure 3 -Typical slice through the reconstruction (left) and the segmentation (right) of a palladium particle aged 6.5 years under tritium. For this tomography the tilting angles are between -78° and +68°. The size of the image is 667x737 in pixel unit and the pixel size is 0.55 nm.

In the segmentation, the cavities are represented in pink and the palladium grain in grey. More cavities can be seen on the segmentation image since in this case all the grain volume is represented whereas just one slice is shown on the left image extracted from the reconstruction.

DATA QUANTIFICATION

As mentioned previously, the 3D models of the cavities and the palladium grain are extracted using cavities and palladium masks and subsequently quantified with the function "3D Manager" available in the ImageJ software [START_REF] Ollion | A Generic Tool for High-Throughput 3D Image Analysis for Studying Nuclear Organization[END_REF] . This function gives access to the cavities surface, volume, and coordinates. Cavities density is calculated using the number of cavities and the grain volume given by 3D Manager function [START_REF] Ollion | A Generic Tool for High-Throughput 3D Image Analysis for Studying Nuclear Organization[END_REF] of ImageJ software. Figure 4 presents the cavities diameters obtained by analyzing the corresponding 3D models for the three studied samples. For the three samples aged 5 years, 6.5 and 8.5 years the bubbles diameters distribution yields a maximum at 2.0 (±1) nm. All the cavities size distributions follow a log-normal type function. It is remarkable the three samples have close bubbles sizes, which confirms that after several years the bubble size evolution is stabilized as predicted by the modeling. The bubble size measurement is in agreement with previous 2D-TEM study [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] and validates the mechanical modeling of bubble growth [START_REF] Montheillet | A Mechanical Analysis of Metallic Tritide Aging by Helium Bubble Growth[END_REF] .

A homemade script (see Supplementary Materials) calculates the first-neighbor distance from cavities center coordinates. Figure 5 represents the fitting of the histogram of the in-between distances of cavities center to center for the three studied samples. The size and distribution are in the expected order of magnitude [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] .

Figure 5 -Log-normal fitting of distances between helium-3 bubbles, center-to-center, for the three studied samples of palladium aged 5 (blue square), 6.5 (green circle) and 8.5 (orange cross) years under tritium. The distances have been obtained by analyzing the positions of all the cavities from the considered grain as deduced by electron tomography.

It is worth noticing that, despite the difference in aging time, the distances between cavities are quite similar for the three samples. Only a small broadening of the distances distributions is observed between the three samples which could be attributed to the appearance of a slight heterogeneity with aging. This is consistent with the fact that the density of bubbles, so 3D repartition, is fixed during the first months of aging and do not evolve much after [START_REF] Segard | Bubble Nucleation Process in a Metal Tritide Modeled Using a Cellular Automaton[END_REF] . As told in the introduction part, when the number of bubbles generated is large enough, a new isolated helium-3 atom has a greater probability to enter a bubble than create a new one. And even if the time to reach this steady state depends on helium mobility, all calculations lead to months timescales to get it. Self-trapping mechanism, modeled in the cellular automaton [START_REF] Segard | Bubble Nucleation Process in a Metal Tritide Modeled Using a Cellular Automaton[END_REF] , predicts a log-normal distribution for the bubble distances. This tendency is confirmed by tomography measurements which also validates the bubble-spacing predictions of the automaton.

For the first time, using tomography, the distances between nanobubbles in palladium powders aged several years under tritium have been determined. The distributions of the first-neighbor distances between bubbles are maximum between 8 (±1) and 10 (±1) nm.

Cavities to palladium grain volumes ratios have also been measured and are 8% (5 years), 18% (6.5 years) and 18% (8.5 years). This parameter is important because it characterizes the swelling of the materials as the quantity of helium generated by tritium decay increases and is more sensitive to aging time than the mean bubble size diameter. To determine whether tomography, performed on only few grains, yields quantitative results, we have compared these data with those obtained on few grams of powders -typically from 1 to 2 g -by pycnometry measurements (Quantachrome Ultrapvc 1200e with helium-4 gas), which allow to follow the macroscopic evolution of the density. The swelling measured by pycnometry on palladium powders aged under tritium is 15% (5 years), 19% (6.5 years) and 22 % (8.5 years). The slight difference observed between both methods for the younger sample (8% versus 15%) will be further investigated. Assuming that the swelling is mainly induced by helium-3 bubbles 2 growth, tomography and pycnometry provide results that are in excellent agreement. This last comparison validates the results of tomography to be quantitative information for all samples since the microscopic swelling quantification is consistent with the macroscopic one performed by pycnometry and can be used for the study of further samples. Moreover, these values are in good agreement with the one predicted by the mechanical modeling of the helium bubble growth 2 .

BENEFIT OF THE TOMOGRAPHY ANALYSIS

Previous TEM study revealed that cavities exhibit dispersed diameters from 1 to 20 nm but are mainly centered around 2.5 nm 3 . Cavity densities, determined using TEM, are around 4.10 23 cavity/m 3 and helium-3 density in bubbles was measured around 70 He/nm 3 using EELS spectroscopy [START_REF] Evin | Investigation by STEM-EELS of Helium Density in Nanobubbles Formed in Aged Palladium Tritides[END_REF] . TEM [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] and tomography analysis give access to microstructural information of the cavities. The helium-3 filling of the cavities is studied by STEM-EELS [START_REF] Evin | Investigation by STEM-EELS of Helium Density in Nanobubbles Formed in Aged Palladium Tritides[END_REF] which allow to confirm the presence of helium-3 nanobubbles. Regarding the electron tomography analysis, in addition to cavities distances which can be measured only by such a 3D analysis, the size and density of cavities have been unambiguously measured using tomography data. Indeed, tomography gives access to the volume which eliminates the uncertainty of grain volume measurement when doing 2D TEM imaging. Even considering the effect of both the missing wedge and the tilt step, the Crowther's criterion [START_REF] Crowther | The Reconstruction of a Three-Dimensional Structure from Projections and Its Application to Electron Microscopy[END_REF] gives an elongation for a 1 nm bubble of less than 0.07 nm along the Z axis, a largely satisfactory accuracy for such experiments.

Nanobubbles median diameter measured using electron tomography is around 2.0 nm and the cavities density is between 1.10 23 and 5.10 23 cavity/m 3 . Cavity size is slightly lower and cavity density is a little lower than TEM results [START_REF] Segard | TEM Observations on Palladium Samples Aged up to 8 Years under Tritium[END_REF] . This can be explained by the small size of cavities and the 3D data processing steps, in particular the data segmentation. In fact, some of the smallest cavities are hardly separated during the segmentation step, due to the small number of pixels they contain, which finally increases the mean size and lower the density. On the other hand, due to the redundancy of information provided by the use of several images in the data processing protocol, the electron tomography analysis allows to distinguish in the calculated reconstruction (before any segmentation step), small cavities which are in principle visible in a classical 2D image.

Ultimately electron tomography provides results that are consistent with the earlier TEM.

All these microstructural data are needed to model the aging process. The first aging step, nucleation, is modeled by a self-trapping mechanism using a cellular automaton 1 . For this calculation, bubble spacing and density are key parameters. The second step, bubble growth, is modeled by a continuum mechanics calculation 2 . This model uses the bubble size, density, material swelling and mechanical characteristics. The microstructural data acquired by tomography are consistent with the modeling predictions and therefore validate the mechanisms and models that have been used. For the last aging step, which occurs beyond 10 years, further experimental data are expected to clearly establish the mechanism responsible for accelerated helium release: bubble percolation, material fracture or helium diffusion.

CONCLUSION

In conclusion, the present study of helium-3 nanobubbles microstructure demonstrates the suitability of electron tomography to analyze the microstructural properties of palladium powders aged several years under tritium.

Tomography treatments have been completed and yield 3D microstructural analysis of helium-3 nanobubbles generated in aged palladium tritide. Combined with a customized protocol for the quantification of the 3D data, it gives access to original parameters such as the distance between
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Figure 1 -

 1 Figure 1 -Bright Field (left) and High Angle Annular Dark Field (right) images at 0° tilt from the electron tomography series of palladium sample aged under tritium during five years. The pixel size is 0.45 nm. The image size is 1024x1024 in pixel unit.Cavities can be easily observed as white spots on the BF (Bright Field) image (left) and as dark

Figure 2 -

 2 Figure 2 -One of the HAADF images from the corresponding tilt series acquired, the tilting angles are -64° and +60° with a 2° increment (left) and a typical (X,Y) slice through the calculated reconstruction (right) and the associated (X,Z) and (Y,Z) projections for palladium powder aged 8.5 years under tritium. The size of the image is 1024x1024 in pixel unit and the pixel size is 0.45 nm.

Figure 4 -

 4 Figure 4 -Log-normal fitting of helium-3 bubbles diameters distribution obtained from the quantitative analysis of the 3D models obtained by electron tomography on representative grains of the three studied samples of palladium aged 5 (blue square), 6.5 (green circle) and 8.5 (orange cross) years under tritium.
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cavities (assigned to the first neighbor distance in the 3D spatial arrangement of the cavities) or the cavity to grain volume ratio (material swelling). Some other more conventional parameters (the mean size and the density of the cavities) are also measured and are in agreement with previous 2D TEM study. All in all, the two types of results are in good agreement, with an additional benefit for the electron tomography given by the possibility to calculate the distances between cavities and the swelling of the sample. The results highlight the relevance of electron tomography for the structural characterization of helium-3 nanobubbles in palladium aged under tritium.

The as obtained data allow to improve the understanding and the subsequent modeling of the aging process. The theoretical predictions of the cellular automaton (nucleation step) and of the mechanical model (growth step) agree with the tomography findings, which validates the relevance and reliability of self-trapping and mechanical mechanisms. The suitability of electron tomography on palladium powders aged under tritium opens new perspectives for a more detailed analysis of samples with different aging time to be able to better characterize the evolution of the 3D microstructural parameters over time.
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